• Nonanticoagulant heparin is shown to bind histones and provide cytoprotection in mouse models of sterile inflammation and sepsis.
Introduction
Sepsis and septic shock are serious clinical problems with high mortality rates for which no adequate treatment currently exists. 1 Neutrophils respond to infection with the formation of neutrophil extracellular traps (NETs), 2,3 intricate networks containing DNA as the major structural component and proteins like histones and neutrophil elastase, which have antimicrobial properties. Extracellular histones, however, also exhibit cytotoxic activity toward host cells, including the endothelium. 4, 5 Histone release can thus trigger a feedback cascade, resulting in more cell death and additional release of histones. 6 Consequently, extracellular histones are considered interesting therapeutic targets for sepsis treatment. 4 Histones are positively charged, and NET-mediated cytotoxicity can be reduced with polysialic acid, a negatively charged polymer. 5 We hypothesized that heparin, a negatively charged polysaccharide, blocks histone cytotoxicity and reduces mortality from sterile inflammation and sepsis. Low dose unfractionated heparin (UFH) has been tested in a clinical trial as a complementary treatment of sepsis. 7 The study rationale linked infection, inflammation, and coagulation in sepsis and sought to inhibit the coagulation part with low doses of heparin so as not to increase the risk of bleeding in a patient who is already at risk due to sepsis-associated consumption coagulopathy. 7, 8 Nevertheless, although this study failed to demonstrate a significant benefit on 28-day mortality rate, we hypothesize that the minor beneficial effects of heparin observed might be attributed to a mechanism independent of the anticoagulant properties of heparin. We reasoned that removing the anticoagulant fraction from UFH would yield an antithrombin affinity-depleted heparin (AADH) that neutralizes histone-mediated cytotoxicity and effectively treats sepsis without increasing risk of bleeding. Heparins have the highest negative charge density of any known biological molecule 9 and have a strong affinity for histones. 10, 11 It is, however, not known whether binding of heparin to histones also protects against the cytotoxic effect of histones on endothelial cells and/or in vivo. Here, we investigated the effects of UFH and AADH on histone cytotoxicity. We present data showing that complex formation of histones with heparin reduces their cytotoxicity in an in vitro cellbased cytotoxicity assay. Furthermore, by use of in vivo mouse models of sterile inflammation, a cecal ligation and puncture (CLP) model for sepsis and bacterial lipopolysaccharide (LPS) challenge, we show that AADH increases the survival rate in all 3 animal models.
Study design
AADH was produced by fractionation of UFH via affinity chromatography using an antithrombin-column, and its anticoagulant properties were quantitated via calibrated automated thrombography (CAT). The cytotoxic There is an Inside Blood commentary on this article in this issue.
The publication costs of this article were defrayed in part by page charge payment. Therefore, and solely to indicate this fact, this article is hereby marked "advertisement" in accordance with 18 USC section 1734. effects of purified histones, in the presence of UFH and AADH, were tested in vitro via a flow cytometry-based histone cytotoxicity assay employing EA.hy926 cells. Direct binding interaction between histones and AADH was determined using surface plasmon resonance and confocal laser scanning fluorescence microscopy. In vivo, the activities of UFH and AADH were tested in C57Bl6/J mice through a concanavalin A (ConA) challenge model for fatal sterile inflammation, through a CLP model and an LPS challenge model. Survival was used as the primary endpoint in these assays; liver viability assessment was performed to correlate disease severity to organ damage in the animals tested (CLP) and neutrophil lung infiltration, tissue leakage, and bronchoalveolar lavage cytokine levels were determined in the LPS model. Anticoagulant properties of administered UFH and AADH were assessed via CAT and tail bleeding time measurements. Detailed methods are given in the supplemental Data, available on the Blood Web site. The experiments were approved by the animal care committees of the Spanish National Research Council and of the Ludwig-Maximilians-University Munich.
Results and discussion
Antithrombin affinity chromatography yielded a fraction of UFH, AADH, with strongly decreased anticoagulant activity 12 (Figure 1A) as determined by CAT, which shows that AADH has retained 0.2% to 0.5% of the anticoagulant activity of UFH. Both UFH and AADH inhibited dose-dependently the cytotoxic activity of purified histones in cell culture ( Figure 1B -C). To analyze whether AADH binds to histones, direct binding of AADH to histones was verified by surface plasmon resonance ( Figure 1D ). Binding affinity between histone H3 and AADH was characterized by an apparent dissociation constant of 86 nM. We further demonstrated in vitro, employing isolated human neutrophils, that addition of AADH to neutrophils that have produced NETs 5 (supplemental Figure 1A Figure 1D ).
To further test our hypothesis on the cytoprotective activities of AADH and translate our in vitro findings into an in vivo system, we next evaluated the effects of AADH on the overall mortality rate in a mouse model of fatal liver injury using ConA-triggered activation of T cells to mimic sterile inflammation (Figure 2A ). It has been described that extracellular histones are the major mediators of death in this model. 13 We measured plasma levels of histone H3 by semiquantitative western blotting 13 and showed that ConA injection increased circulating histone H3 levels in all animals ( Figure 2B ). In treated animals, appearance of histones was delayed and from our in vitro studies and reported in vivo cytotoxicity of extracellular histones, we conclude that histones detected in the treated group are at least partly complexed to AADH. Injection of ConA caused significant differences in 24-hour survival between the AADHtreated and control groups (P , .0005) (Figure 2A) , with only a moderate effect of AADH on thrombin formation (supplemental Figure 1E ). We verified that the moderate anticoagulant effect seen is independent of any antithrombin-mediated activities of AADH For personal use only. on October 28, 2017. by guest www.bloodjournal.org From . Histone H3 content was characterized by western blotting. For comparison, a pooled mouse plasma sample from mice not challenged with ConA is shown. Relative densities as determined by densitometry using ImageJ are indicated. (C) Seventy-two-hour survival in CLP-challenged C57Bl/6 mice treated by intraperitoneal injection with 570 mg AADH 12 hours before, directly after, and 12 hours after CLP (prophylaxis, n 5 10, dashed black line) or only 4 hours after CLP (n 5 10, dashed gray line). Saline-treated, CLP-challenged mice are shown as a solid black line (n 5 15), whereas survival of sham-treated animals is shown as a dotted gray line (n 5 15). Differences between AADH-treated and nontreated groups are significant (for both the prophylactic and treatment regimes, with P 5 .0031 and P 5 .0275, respectively, and hazard ratios and can be attributed to heparin cofactor II stimulation, the plasma concentration of which does not allow complete inhibition of thrombin formation. 14 Together, our in vitro and in vivo results strongly indicate that AADH treatment results in complexation and inactivation of circulating histones with a concomitant improvement of survival, in agreement with the observation that AADH abolished cytotoxic effects of histones on endothelial cells by complexation (supplemental Figure 1D) . In contrast to UFH, AADH treatment of unchallenged mice with a dose 5 times that of UFH caused only moderate anticoagulation of blood plasma (supplemental Figure 1F ) and no significant prolongation of tail bleeding time (supplemental Figure 1G ). Furthermore, AADH treatment had no significant effects on plasma levels of the cytokines interleukin-6, interleukin-10, and tumor necrosis factor at 3 and 6 hours after ConA challenge (data not shown).
To further investigate the potential therapeutic value of AADH, we injected AADH in a mouse CLP model known to mimic human sepsis 15 and an LPS injection model that mimics TLR-mediated septic shock. 15 As observed in the ConA model, AADH is able to significantly increase survival both when given prior to cecal puncture as well as when given 4 hours after puncture ( Figure 2C ) and when given 1 hour after LPS challenge ( Figure 2D ). Protection of organs is likely to contribute to overall survival as was concluded from a liver viability assessment after CLP (supplemental Figure 1H ) and lung tissue histological analysis ( Figure 2E ). Administration of AADH appears to reduce neutrophil influx, protects against intrapulmonary protein leakage and capillary-alveolar leakage, and is accompanied by reduction of cytokine release ( Figure 2F -G; supplemental Figure 1I -J).
We conclude that AADH, a low anticoagulant fraction of UFH, has therapeutic potential to treat sepsis and other hyperinflammatory conditions in which excessive neutrophil activation with release of histones is part of the host response. Given the huge clinical experience with UFH and the anticipated safe profile of AADH, we expect low thresholds for commencing clinical studies in the near future.
